Introduction
GPI-anchored Igl. Both Hgl and Igl share sequence homology with β integrins [14] [15] [16] [17] , suggesting that they 71 may also play a role in signaling. In particular, Hgl is thought to facilitate signaling and adhesion not only 72 by binding extracellular ligands, but also by interacting with proteins in the intracellular space of the 73 parasite, via its cytoplasmic tail [15] . 74 75 Functional regulation of the Gal/GalNAc lectin is not well understood; however, it has been shown that 76 lipid rafts may play a role [4, 6, 18, 19] . Lipid rafts are tightly packed cholesterol-and sphingolipid-rich 77 membrane microdomains that serve as compartments within which signaling proteins interact. It was 78 previously shown that the majority of Igl is found in raft-like membranes, whereas the majority of Hgl and 79
Lgl is found in non-raft membrane [18] . However, exposing E. histolytica cells to a source of cholesterol 80
[19] or several host ligands, including RBCs [4] or collagen [6] , results in enrichment of Hgl and Lgl in 81 rafts and thus, co-compartmentalisation of all three subunits. Colocalization of the subunits in rafts is 82 accompanied by an increase in the ability of the amoebae to adhere to host components in a galactose-83 specific manner [19] . Removal of cholesterol disrupts lipid rafts and inhibits the adhesion of E. histolytica 84 trophozoites to host cells [18] and collagen [6] . Together, these data suggest that there is a correlation 85 between sub-membrane location and function of the Gal/GalNAc lectin, and that lipid rafts may serve as a 86 platform for the assembly, modification, and/or functional regulation of proteins involved in parasite-host 87 interaction. 88 89 Cells must also possess mechanisms to modulate or dismantle adhesion junctions. Rhomboid proteases are 90 a family of intramembrane proteases that participate in a wide variety of cellular functions including cell 91 signaling, mitochondrial homeostasis, quorum sensing, protein translocation across membranes and the 92 regulation of adhesion junctions (reviewed in [20] ). They are conserved from bacteria to mammals and their 93 role in regulating parasite-host interactions (reviewed in [21] ) is established in Toxoplasma [22] [23] [24] [25] [26] , 94
Plasmodium [27] [28] [29] , Trichomonas [30] , and Entamoeba [31] [32] [33] . 95
In particular, for E. histolytica, Hgl is thought to be a substrate of the E. histolytica rhomboid protease, 97 EhROM1, because it possesses a canonical rhomboid protease-binding sequence and it can be cleaved by 98
EhROM1 when they are co-expressed in a mammalian cell system [31] . Knocking down expression of 99 EhROM1 using an epigenetic silencing approach results in reduced adhesion to host cells and reduced 100 erythrophagocytosis [32] . Overexpression of a dominant negative catalytic mutant of EhROM1 also causes 101 defects in host cell binding [33] . Finally, overexpression of the catalytic mutant or knocking down 102 expression, using an RNAi-based method, gives rise to mutant cells that are less cytotoxic, hemolytic, and 103 motile than control cells [33] . Together, these observations support the role of EhROM1 in parasite-host 104 interactions. 105
106
Since rhomboid proteases have an intramembrane position, a logical conjecture is that lipid composition 107 regulates activity and compartmentalization regulates enzyme-substrate contact. In support of this, the 108 activity of both prokaryotic and eukaryotic rhomboid proteases can be influenced by membrane 109 composition in vitro [34] and pharmacological perturbation of cellular membranes in vivo can alter the 110 activity of at least one rhomboid protease, human RHBDL4 [35] . 111
112
Given the importance of compartmentalization for both rhomboid proteases and the Gal/GalNAc lectin, we 113 sought to gain insight into the relationship between rhomboid protease activity and submembrane location 114 of the lectin in E. histolytica. We demonstrate that EhROM1 is localized to lipid rafts and loss of rhomboid 115 protease expression correlates with an enrichment of the Gal/GalNAc lectin at the cell surface and in lipid 116 rafts. We also show that the molecular weights of Hgl and Igl are increased in the absence of EhROM1 117 activity, supporting the notion that they are substrates of this protease. Overall, the study provides insight 118 into the molecular mechanisms governing parasite-host adhesion for this pathogen. 
Pharmacological inhibition of rhomboid protease activity 130
To inhibit rhomboid protease activity, parasites (3.5 x 10 6 cells/ml) were treated with 100 μM 3,4-131 dichloroisocoumarin (DCI) (Sigma-Aldrich, St. Louis, MO). DCI was dissolved in dimethyl sulfoxide 132 (DMSO) and applied to the parasites for 2 h at 37°C. Control parasites were treated with DMSO alone. Lgl, Igl and actin by western blotting and densitometry as described above. Triton-insoluble membrane was isolated from wildtype and T-EhROM1-s cells as described above and 174 fractionated on sucrose gradients. Fractions 11-12 (lipid rafts), 18-19 (actin-rich membrane) and TSS were 175 used for immunoprecipitation assays. Combined fractions 11 and 12, 18 and 19 or TSS were pre-cleared 176 by incubation with 1 X 10 7 Dynabeads magnetic beads conjugated to sheep α-mouse IgG (Invitrogen Dynal 177 AS, Oslo Norway) at 4°C for 2 h. The beads were collected in a microfuge tube magnetic separation stand 178 (Promega, Madison, WI) and discarded. Protease inhibitors (as described above) and a mixture of To determine if rhomboid protease activity influences the submembrane distribution of the subunits of the 204 Gal/GalNAc lectin, we characterized the lipid rafts, as previously described [18] , in trophozoites exposed 205 to DCI, a compound which inhibits rhomboid proteases by alkylating an active-site histidine [34] . The lipid 206 composition of rafts confers detergent resistance. Therefore, purification of lipid rafts was initiated by 207 extraction with cold Triton X-100. This resulted in the isolation of detergent-resistant membrane (DRM), 208 which consists of both lipid raft and actin-rich membrane. Since the buoyant density of lipid rafts is less 209 than that of actin-rich membrane, these two membrane domains were further separated by sucrose density 210 gradient centrifugation. 211
212
Western blot analysis of sucrose gradient fractions revealed that the majority of Igl was found in a low-213 density region (fractions 9 to 14) ( Fig. 1) . Previously, these fractions were shown to possess the highest 214 levels of cholesterol, and thus are considered lipid rafts [18] . The localization of Igl to these low-density 215 rafts is consistent with previous reports [4, 18, 19] . In control cells, the majority of Hgl and Lgl was 216 associated with less buoyant, actin-rich fractions (fractions 17 to 20) (Fig. 1 ). However, after exposure to 217 DCI, there was an increase in the proportion of Hgl and Lgl that was localized to lipid raft fractions 218
(fractions 9 to 14), whereas the submembrane distribution of Igl remained unchanged ( Fig. 1) . Thus, 219 inhibition of rhomboid protease activity correlates with an enrichment of Hgl and Lgl in lipid rafts in E. histolytica. Although, Lgl has not been identified as a EhROM1 substrate, the DCI-induced altered 221 distribution of this subunit may be the result of its covalent connection to Hgl. 222
223
Since chemical inhibitors may have off-target effects, we also used a genetic approach to corroborate the 224 findings made after DCI treatment. Specifically, we isolated lipid rafts and characterized the sub-membrane 225 distribution of the lectin subunits in a cell line (T-EhROM1-s) with reduced expression of EhROM1 [33] . 226
Like DCI-treated cells, T-EhROM1-s cells exhibited augmented levels of Hgl and Lgl in lipid rafts (Fig.  227 2). These data support the notion that there is an inverse relationship between the level of rhomboid tyrosine or phenylalanine in CARC sequences. In either case, these residues seems to be essential for 245 cholesterol-binding [42, 43] . Analysis of the EhROM1 amino acid sequence revealed one putative CRAC sequence and four putative CARC sequences (Fig. 3B) Cell surface levels of the Gal/GalNAc subunits are higher in T-EhROM1-s cells 251 We have previously shown that enrichment of Gal/GalNAc lectin subunits in rafts correlates with increased 252 galactose-sensitive adhesion [19] . It would follow that T-EhROM1-s cells exhibit increased adhesion to 253 host cells. Contrary to this prediction, it was reported that inhibition of expression of EhROM1 correlates 254 with defects related to reduced adhesion to host cells [32, 33] . The purification of rafts by detergent 255 extraction and sucrose gradient centrifugation is carried out with whole cells. Consequently, the protocol 256 does not distinguish between the adhesins in cell surface lipid rafts versus those in intracellular lipid rafts. 257
Despite raft-enrichment, one reason that T-EhROM1-s cells may have impaired adhesion is because less 258
Gal/GalNAc lectin is in cell surface rafts and more Gal/GalNac lectin is trapped in intracellular rafts. 259 Therefore, we quantified the surface levels of Hgl, Lgl and Igl in T-EhROM1-s cells using biotinylation as 260 previously described [19] . Whole cells were exposed to sulfo-NHS-SS-biotin to label surface proteins. Cell 261 lysates were subjected to avidin-agarose affinity chromatography. Equivalent fractions of the starting cell 262 lysate and affinity purified protein were analyzed for the lectin subunits by western blotting. Surprisingly, 263 surface biotinylation and affinity chromatography revealed that there were significantly higher levels of all 264 three subunits on the surface of mutant cells compared to control cells (Fig. 4) . Using immunofluorescence 265 microscopy with α-Hgl antibody, Baxt et al. [32] concluded that there was no increase in the surface level 266 of Hgl when EhROM1 is silenced. The incongruence of our data with that of Baxt et al. [32] is likely a 267 reflection of the different techniques used to quantify cell-surface proteins. We also observed an increase 268 in the level of intracellular lectin subunits. These would be found in the flow-through fractions after 269 biotinylation (Fig. 4) . These increases were statistically significant for Igl (*P<0.05), but not for Hgl and 270
Lgl. These data are consistent with that of Baxt et al., [32] , who reported an increase, albeit not statistically 271 significant, in the level of Hgl as detected by the ELISA method. Together, with the increases seen for the cell surface-localized subunits in this study, these observations suggest that there may be more Hgl, Lgl, 273
and Igl, overall in the mutant cell line. EhROM1 is required for suitable function of the Gal/GalNAc lectin. To test this, we isolated lipid rafts and 280 examined the size of the lectin subunits in both mutant and control cells using SDS-PAGE and western 281 blotting in a MOPS buffer system, which provides superior separation of high molecular weight species. 282
In the mutant cell line, Hgl was larger than its counterpart in control cells (Fig. 5 ). This was true for this 283 subunit in all membrane domains (i.e., rafts, actin-rich membrane, and detergent-sensitive membrane) ( Fig.  284   5) . However, we were surprised to see that the size of Igl was also increased in all membrane domains in 285 the mutant cell line (Fig. 5) . These data support the conclusion that Hgl is a substrate of EhROM1 and 286 suggest that Igl is also a substrate of this protease. There is evidence that rhomboid proteases can act on 287 hydrophilic sequences outside of transmembrane domains [44] [45] [46] . Thus, it is conceivable that GPI-linked 288
Igl could be a substrate of EhROM1 even though it is predicted to reside completely outside of the 289 membrane. 290 291
Assembly of the Gal/GalNAc lectin trimer is not inhibited in T-EhROM1-s cells 292
The shift in size of Hgl and Igl in the T-EhROM1-s cell line raised the possibility that the subunits are not 293 interacting with each other normally. This, in turn, could explain the adhesion defect in the mutant cell line. 294
To test this, we examined interaction among the subunits using an immunoprecipitation approach. 295
Detergent-sensitive membrane and various fractions of detergent-resistant membrane, resolved by sucrose 296 gradient centrifugation, were mixed with anti-Hgl monoclonal antibody. Following magnetic purification, 297 the immune complexes were resolved by SDS-PAGE and analyzed by western blotting using α-Hgl, α-Lgl, 298 or α-Igl antibodies. In all membrane types in the mutant cells, there was no alteration in the interaction 299 profiles of the Gal/GalNAc lectin subunits (Fig. 6) . Therefore, the increased size of Hgl and Igl in the T-300
EhROM1-s cell line did not seem to hinder the assembly of trimers, and thus, cannot explain the adhesion 301 defect. Perhaps improper cleavage of the subunits masks crucial binding sites and/or alters the three-302 dimensional structure of the trimer, in a manner that inhibits its function. 303 304
Discussion

305
The major finding of this study is that rhomboid protease activity may regulate the subunit size and the sub-306 membrane location of the Gal/GalNAc lectin in E. histolytica. Specifically, we demonstrated that 307 EhROM1, itself, was enriched in rafts. Furthermore, reducing rhomboid protease activity, either 308 pharmacologically or genetically, correlated with an enrichment of Hgl and Lgl in rafts. In the mutant cell 309 line with reduced EhROM1 expression, there was also a significant augmentation of the level of all three 310
Gal/GalNAc subunits on the cell surface and an increase in the molecular weight of two of the subunits, 311
Hgl and Lgl. 312
313
In previous studies, enrichment of Hgl and Lgl in lipid rafts was correlated with an increase in galactose-314 sensitive adhesion to host components [19] . However, in the current study, we observed enrichment of Hgl 315
and Lgl in lipid rafts in a cell line known to display defects related to adhesion [32, 33] . Thus, for the first 316 time, we show that enrichment of the Hgl-Lgl dimer in lipid rafts is not sufficient to enhance the adhesive 317 capacity of the parasite. One possible explanation for the accumulation of Hgl and Lgl in rafts in the mutant 318 cell line is that cleavage of the Gal/GalNAc lectin subunits by EhROM1 is necessary for recycling or exit 319 of these subunits out of rafts. This would be consistent with previous reports that demonstrate that This insinuates a model in which the dimer is constantly entering and exiting rafts, with the majority of 324
Hgl-Lgl outside of rafts at equilibrium. If egress from rafts relies on rhomboid protease activity, then a 325 lack of rhomboid expression would naturally alter this balance resulting in an accumulation of the dimer in 326 these microdomains. 327
328
That the lectin subunits require EhROM1 activity to exit rafts would also be consistent with a hypothesis 329 put forth by Baxt et al. [31] . Specifically, these authors demonstrated that EhROM1 was localized to caps, 330 also known as uroids, which are structures that are also rich in Gal/GalNAc lectin and found at the trailing 331 edge of motile cells. Uroids form during motility for the purpose of concentrating and shedding bound host 332 proteins, such as antibodies. Based on these findings, Baxt et al. [31] hypothesized that EhROM1 regulates 333 the release of individual lectin subunits from uroids. This proposition is supported by the current study, 334 which shows that EhROM1 is enriched in rafts and that the Hgl-Lgl dimer accumulates in rafts in cells with 335 reduced EhROM1 expression. This is further supported by our previous study, which shows that uroids 336 are, themselves, rich in rafts [49] . We also observed a significant increase in the level of the Gal/GalNAc lectin subunits on the surface of the 342 cell line with reduced EhROM1 expression. Remarkably though, this increase was not correlated with 343 enhanced adhesion. In fact, lower EhROM1 expression is correlated with reduced adhesion [32, 33] . Immunoprecipitation assays demonstrated that the larger Gal/GalNAc subunits were able to interact with 346 each other in a normal fashion; but, complexes possessing these larger subunits may no longer be able to 347 interact with host ligands and/or other E. histolytica proteins necessary for adhesion. For instance, crucial binding sites may be hidden and/or the three-dimensional structure may be aberrant in un-cleaved lectin 349 subunits. 350
351
The increased molecular weight of the intermediate subunit in the mutant cell line is particularly intriguing. 352
First, it suggests that Igl is a substrate of EhROM1, even though this subunit is surmised to be GPI-anchored 353 and localized completely outside the membrane. More recently it has been shown that some rhomboid 354 proteases can cleave sequences within hydrophilic sequences outside of transmembrane domains [44] [45] [46] . 355
In these cases, the hydrophilic peptide substrates bend into the protease active site from above the [50]. For instance, cleavage of thrombomodulin by vertebrate rhomboid-2, RHBDL2, is directed by its 368 cytoplasmic tail rather than by sequences in its transmembrane region [51] . Furthermore, a recent study of 369 the activity of ten diverse rhomboid proteases (1 prokaryotic and 9 eukaryotic), in an in vitro reconstituted 370 membrane system, demonstrates that the requirement for specific sequences in substrates is much less 371 stringent than previously thought and instead hydrolysis is likely driven, in part, by substrate concentration 372 (rate-driven) [52] . Thus, co-localization of Igl and EhROM1 in rafts may be sufficient for Igl to be 373 hydrolyzed by EhROM1. In fact, the environment of the lipid raft, itself, may contribute to the ability of EhROM1 to target Igl or other substrates that lack the canonical cleavage signal. Two previous studies 375
[53,54] demonstrated that it was possible to transmute non-substrates into substrates simply by changing 376 membrane composition with membrane-disrupting agents, including the cholesterol-binding agent, methyl- 
